Influenza A virus (IAV) is a threat to mankind because it generates yearly epidemics and poorly 43 predictable sporadic pandemics with catastrophic potential. IAV has a small RNA genome 44 composed of 8 mini-chromosomes (segments) that constitute a 5'UTR followed by a coding region 45 and a 3'UTR. Transcription of IAV RNA into mRNA depends on host mRNA, as the viral 46 polymerase cleaves 5'm7G-capped nascent transcripts to use as primers to initiate viral mRNA 47 synthesis. We hypothesized that captured host transcripts bearing AUG could drive the expression 48 of upstream ORFs in the viral segments, a phenomenon that would depend on the translatability of 49 the viral 5'UTRs. Here we report the existence of this mechanism, which generates host-virus 50 chimeric proteins. We label these proteins as Upstream Flu ORFs (UFO). Depending on the frame, 51 two types of host-virus UFO proteins are made: canonical viral proteins with human-derived N 52 term extensions or novel uncharacterized proteins. Here we show that both types are made during 53 IAV infection. Sequences that enable chimeric protein synthesis are conserved across IAV strains, 54 indicating that selection allowed the expansion of the proteome diversity of IAV in infected cells to 55 include multiple human-virus proteins. 56 57 58 59 65 the three-subunit viral RNA-dependent RNA polymerase (RdRP) complex comprising of PB1, PB2 and 66 PA proteins (Bouvier and Palese, 2008; Te Velthuis and Fodor, 2016).
INTRODUCTION

61
Influenza A virus (IAV), of the family Orthomyxoviridae, is a highly contagious human and animal 62 pathogen responsible for significant levels of morbidity and mortality worldwide. The virus bears a 63 single-stranded, negative-sense RNA genome that is organized into eight segments (Bouvier and Palese, 
89
Intriguingly, full genome studies on IAV isolates have revealed that the length and sequence context of 90 these accessory proteins varies between IAV strains. These differences are often correlated with altered 91 virulence and/or responses of host cells. For example, PB1-F2 protein derived from the IAV laboratory 92 strain A/H1N1/Puerto Rico/8/1934 induces apoptosis in host cells through the interaction with BAK/BAX 93 (Chen et al., 2001) . In contrast, PB1-F2 from a H5N1 IAV strain (A/H5N1/Hong Kong/156/1997) is non-94 mitochondrial and not pro-apoptotic (Chen et al., 2010) . As such, identification of novel accessory 95 proteins and the breadth of their diversity across different strains of IAV may provide insight into viral 96 replication and the interplay with the infected host.
98
In this manuscript, we describe the existence of IAV-human protein chimeras. We show that at least three 99 such chimeric proteins are synthesized during influenza virus infection. These proteins are initiated from 100 cap-snatched RNA sequences with upstream AUGs (uAUGs) that initiate translation of the IAV 5' UTR 101 and the downstream viral segment. Through this mechanism, host uAUGs create either viral protein N-102 terminal extensions and/or the synthesis of novel, heretofore uncharacterized host-viral proteins (UFOs) .
103
We show that both types of proteins are expressed in infected cells, as our analyses reveal the existence of 104 HA and NP extensions driven by host RNA and also identify an uvORF in segment 2 that generates a 105 novel, ~77 amino acid long protein (PB1 Upstream Flu ORF; PB1-UFO). Full length PB1-UFO is 106 conserved in more than 90% of isolates of IAV. HA and NP extensions are conserved in 99% of IAV 107 isolates. Overall, our analysis reveal that host-viral protein chimeras are (1) segment-specific, (2) 108 conserved across IAV strains and (3) undergo differential selection pressures according to 5' UTR and 109 coding region constrains, resulting in fixation of N term extensions and novel ORFs that are sampling 110 evolutionary space through genomic overprinting. 111 112 RESULTS 113 114 IAV 5' "UTRs" are potentially translatable 115 IAV transcription is initiated by host RNA cap snatching (Figure 1A) . This process generates 5' host 116 derived extension of IAV segments. We hypothesized that this mechanism, used to express canonical 117 viral proteins (Figure 1B In an effort to be stringent with our analysis, host sequences that begun 153 with an AUG at the 5' were also removed from our analysis as it is unclear if the ribosome would be able 154 to recognize these as start codons (Figure 2A , yellow bars). uvORF length filters were also not applied at 155 this stage of the analysis as we reasoned that the ribosomal complex initiation and assembly should be 156 independent of ORF length (Chew et al., 2016) .
158
We mapped host-derived sequences in PR8 infected A549 via RNA sequencing. Our analysis revealed 159 that host-derived uAUGs are present in all three translational reading frames, and at similar frequencies in 160 the eight viral segments ( Figure 2B) . As expected (Figure 1C and S1 
187
If ribosomes initiate on host derived AUGs, many of the 5' sequences will be too short to extend from the 188 ribosome, given the brevity of their snatched caps, making P-site phasing problematic by standard 189 Riboseq analysis. We therefore used the location of AUGs within the primers to identify the reading 190 frame being translated. With few exceptions, initiation occurred evenly in all three reading frames. AUG 191 codons tended to aggregate closer to the transcriptional start site, despite being depressed at the -4 192 position in all segments. Frequencies also tended to be lower towards the 5' end of the primer ( Figure   193 S2A). This phenomenon is also observed when the frequency of primers containing AUG is compared to 194 primer length ( Figure S2B ).
196
Finally, to verify that chimeric proteins are indeed translated, using targeted proteomic analysis we 197 evaluated the presence of UTR-derived and chimeric peptides in PR8 IAV infected cells. We 198 unequivocally identified peptides that originate from predicted N-terminal extensions of the NP and HA 199 and the long uvORF present in PB1 segment ( Figure 3E ).
201
Most host-derived sequences were from protein coding genes ( Figure 3F 
206
PB1-UFO is a host-virus chimeric protein expressed during infection
207
We were especially intrigued by the ~77-amino acid uvORF present in the 5' UTR of IAV segment 2 208 (encoding PB1). This is one of the longest, conserved non-canonical ORFs in IAVs ( Figure 4A ). We 209 designate this protein PB1-UFO and proceeded to characterize it.
211
To evaluate the physiological role of PB1-UFO during infection we used reverse genetics to generate 212 wild-type control (CTRL-3 and CTRL+9) and PB1-UFO-deficient mutant (KO-3 and KO+9) IAVs in the 213 H1N1/Puerto Rico/8/1934 (PR8) strain background ( Figure 4B) . As PB1-UFO is predicted to translate 214 from an alternative -2 reading frame, we could make single nucleotide substitutions to introduce 215 premature stop codons for PB1-UFO without modifying the amino acid sequence of PB1 ( Figure 4B ).
216
PB1-UFO truncating mutations (KO-3 and KO+9) were introduced at either the -3 or +9 nucleotides 217 relative to the PB1 start ATG codon. We included viruses with mutations that did not disrupt either the 218 PB1-UFO or PB1 reading as controls (CTRL-3 or CTRL+9). Mutant and control viruses all yielded 219 stocks with similar particle counts as indicated by HA titers (Figure S3A 
247
To check whether PB1-UFO expression could be detected by the immune system, we inserted the 
265
Due to its high mutation rate, IAV evolution occurs extremely rapidly, and conservation of the ORF 266 provides strong evidence for its contribution to IAV transmission in its natural hosts. The PB1-UFO is 267 highly conserved across these three virus subtypes, all of which encode proteins of similar length and 268 amino acid composition ( Figure 5A) . Truncating mutations occurred relatively infrequently, at 8% of 269 H1N1 sequences, 3% of H5N1 sequences, and not present in H3N2 isolates.
271
We next designed a statistical model ( Figure S5A) to query whether the conserved length of PB1-UFO 272 occurs more frequently than expected by chance. To increase statistical power, we focused only on 273 sequences derived from the H3N2 subtype of viruses as they had the most abundant number of full-length, 274 unique PB1 segment sequences. Over 92% of H3N2 PB1-segment sequences encode a 77-amino acid 275 PB1-UFO (Figure 5B and 5C ). This is highly significant given that the random mutation model predicts 276 an average ORF of ~19 amino acids ( Figure S5B) . Likewise, analyses on synonymous mutations showed 277 that PB1-UFO is highly likely to maintain a long amino acid sequence pattern, implying that the 278 maintenance of longer sequences is due to protein function rather than the random production of short 279 peptides ( Figure 5D ).
281
Evolutionary analyses on chimeric protein maintenance
282
In an effort to quantify and infer selection of PB1-UFO in H3N2 strain of influenza virus over time we In this manuscript, we describe the existence of a novel mechanism employed by IAV to generate hitherto 311 uncharacterized host-virus chimeric proteins. This mechanism employs the generation of host-virus 312 chimeric RNAs that are translated into chimeric proteins. We show that during IAV infection, two 
326
We have characterized the N-terminal HA and NP extensions, as well as PB1-UFO, because they could 327 be identified unambiguously by analyzing chimeric host-virus or UTR derived peptide through mass 328 spectrometry (whose sequence do not exist in 'conventional' human and viral proteome databases). The 329 expression of other uvORF proteins remains to be determined. It is important to recognize that other 330 uvORFs or N terminal extensions, like the chimeric HA and NP described here, might be difficult to 331 detect due to their N-term heterogeneity and partial overlapping sequences with the canonical protein.
333
In fact, we showed that based on the length of host snatched sequences and the viral UTRs, the chimeric- 
615
A mutation on a given branch marks an origination event of a single-nucleotide polymorphism, that is, the 616 appearance of a nucleotide difference between the strains descending from that branch and its ancestral 617 lineage. A reconstructed strain tree with all mapped mutations, which are partitioned into two classes: 
PB1-UFO translation
A WT AGCGAAAGCAGGCAAACCATTTGAATGGATGTCAATCCGACCTTACTTTTC M D V N P T L L F R K Q A N H L N G C Q S D L T F PB1 PB1-UFO mRNA KO-3 AGCGAAAGCAGGCAAACCATTAGAATGGATGTCAATCCGACCTTACTTTTC M D V N P T L L F R K Q A N H . PB1 PB1-UFO mRNA CTRL-3 AGCGAAAGCAGGCAAACCATTCGAATGGATGTCAATCCGACCTTACTTTTC M D V N P T L L F R K Q A N H S N G C Q S D L T F PB1 PB1-UFO mRNA KO+9 AGCGAAAGCAGGCAAACCATTTGAATGGATGTTAA TCCGACCTTACTTTTC M D V N P T L L F R K Q A N H L N G C . PB1 PB1-UFO mRNA CTRL+9 AGCGAAAGCAGGCAAACCATTTGAATGGATGTGAATCCGACCTTACTTTTC M D V N P T L L F R K Q A N H L N G C E S D L T F PB1 PB1-UFO mRNA B FIGURE 4 PB1-UFO CTRL-3 PB1-UFO KO-3 PB1-UFO KO+9 PB1-UFO
